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1
ESTIMATING AVAILABLE BANDWIDTH IN
CELLULAR NETWORKS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation application of U.S.
patent application Ser. No. 13/688,723, filed on Nov. 29,
2012, and entitled “ESTIMATING AVAILABLE BAND-
WIDTH IN CELLULAR NETWORKS,” the contents of
which are incorporated by reference herein.

BACKGROUND

Recently, as cell phone usage on 3G and 4G broadband
cellular networks has increased, so too has the average traffic
per user and users’ expectations of quality of experience
(QoE). Operational costs for the cellular network operators
are also increasing. Meanwhile, the average revenue per user
(ARPU) is decreasing. Because of these trends, network
operators have sought techniques to optimize the user’s
experience and offset costs. To date, such techniques have
not proven wholly effective.

BRIEF SUMMARY

In summary, one aspect of the invention provides a
method of estimating bandwidth, the method comprising:
utilizing a processor to execute computer code configured to
perform the steps of: sending a first probe flow into cellular
traffic; measuring a first bandwidth quantity achieved by the
first probe flow; sending a second probe flow into the
cellular traffic; measuring a second bandwidth quantity
achieved by the first probe flow while the second probe flow
is in the cellular traffic; comparing the first bandwidth
quantity and the second bandwidth quantity; and determin-
ing at least one result from the comparing.

Another aspect of the invention provides an apparatus for
estimating bandwidth, the apparatus comprising: at least one
processor; and a computer readable storage medium having
computer readable program code embodied therewith and
executable by the at least one processor, the computer
readable program code comprising: computer readable pro-
gram code configured to send a first probe flow into cellular
traffic; computer readable program code configured to mea-
sure a first bandwidth quantity achieved by the first probe
flow; computer readable program code configured to send a
second probe flow into the cellular traffic; computer readable
program code configured to measure a second bandwidth
quantity achieved by the first probe flow while the second
probe flow is in the cellular traffic; computer readable
program code configured to compare the first bandwidth
quantity and the second bandwidth quantity; and computer
readable program code configured to determine at least one
result from the comparing.

An additional aspect of the invention provides a computer
program product for estimating bandwidth, the computer
program product comprising: a computer readable storage
medium having computer readable program code embodied
therewith, the computer readable program code comprising:
computer readable program code configured to send a first
probe flow into cellular traffic; computer readable program
code configured to measure a first bandwidth quantity
achieved by the first probe flow; computer readable program
code configured to send a second probe flow into the cellular
traffic; computer readable program code configured to mea-
sure a second bandwidth quantity achieved by the first probe
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flow while the second probe flow is in the cellular traffic;
computer readable program code configured to compare the
first bandwidth quantity and the second bandwidth quantity;
and computer readable program code configured to deter-
mine at least one result from the comparing.

A further aspect of the invention provides a method
comprising: sending a first probe flow into current cellular
traffic; sending a second probe flow into current cellular
traffic; measuring a bandwidth alteration experienced when
the first probe flow and the second probe flow are both in the
current cellular traffic; and ascertaining a quantitative effect
of the bandwidth alteration on the current cellular traffic.

For a better understanding of exemplary embodiments of
the invention, together with other and further features and
advantages thereof, reference is made to the following
description, taken in conjunction with the accompanying
drawings, and the scope of the claimed embodiments of the
invention will be pointed out in the appended claims.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1A illustrates an example according to one embodi-
ment.

FIG. 1B illustrates an example according to one embodi-
ment.

FIG. 1C illustrates an example according to one embodi-
ment.

FIG. 2 illustrates an example embodiment.

FIG. 3A is a plot of a lower bound on available band-
width.

FIG. 3B is a plot of an upper bound on the load on a base
station (BS) for available bandwidth to be detectable.

FIG. 4 sets forth a process more generally for estimating
bandwidth.

FIG. 5 illustrates a computer system.

DETAILED DESCRIPTION

It will be readily understood that the components of the
embodiments of the invention, as generally described and
illustrated in the figures herein, may be arranged and
designed in a wide variety of different configurations in
addition to the described exemplary embodiments. Thus, the
following more detailed description of the embodiments of
the invention, as represented in the figures, is not intended
to limit the scope of the embodiments of the invention, as
claimed, but is merely representative of exemplary embodi-
ments of the invention.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” (or the like) means that a
particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one
embodiment of the invention. Thus, appearances of the
phrases “in one embodiment” or “in an embodiment” or the
like in various places throughout this specification are not
necessarily all referring to the same embodiment.

Furthermore, the described features, structures, or char-
acteristics may be combined in any suitable manner in at
least one embodiment. In the following description, numer-
ous specific details are described to give a thorough under-
standing of embodiments of the invention. One skilled in the
relevant art may well recognize, however, that embodiments
of the invention can be practiced without at least one of the
specific details thereof, or can be practiced with other
methods, components, materials, et cetera. In other
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instances, well-known structures, materials, or operations
are not shown or described in detail to avoid obscuring
aspects of the invention.

The description now turns to the figures. The illustrated
embodiments of the invention will be best understood by
reference to the figures. The following description is
intended only by way of example and simply illustrates
certain selected exemplary embodiments of the invention as
claimed herein.

It should be noted that the flowchart and block diagrams
in the figures illustrate the architecture, functionality, and
operation of possible implementations of systems, appara-
tuses, methods and computer program products according to
various embodiments of the invention. In this regard, each
block in the flowchart or block diagrams may represent a
module, segment, or portion of code, which comprises at
least one executable instruction for implementing the speci-
fied logical function(s). It should also be noted that, in some
alternative implementations, the functions noted in the block
may occur out of the order noted in the figures. For example,
two blocks shown in succession may, in fact, be executed
substantially concurrently, or the blocks may sometimes be
executed in the reverse order, depending upon the function-
ality involved. It will also be noted that each block of the
block diagrams and/or flowchart illustration, and combina-
tions of blocks in the block diagrams and/or flowchart
illustration, can be implemented by special purpose hard-
ware-based systems that perform the specified functions or
acts, or combinations of special purpose hardware and
computer instructions.

Specific reference will now be made herebelow to FIGS.
1-3. It should be appreciated that the processes, arrange-
ments and products broadly illustrated therein can be carried
out on, or in accordance with, essentially any suitable
computer system or set of computer systems, which may, by
way of an illustrative and non-restrictive example, include a
system or server such as that indicated at 12' in FIG. 5. In
accordance with an example embodiment, most if not all of
the process steps, components and outputs discussed with
respect to FIGS. 1-3 can be performed or utilized by way of
a processing unit or units and system memory such as those
indicated, respectively, at 16' and 28' in FIG. 5, whether on
a server computer, a client computer, a node computer in a
distributed network, or any combination thereof.

Generally, it is recognized that a large number of mobile
Internet applications such as email, social networking (e.g.,
“Facebook™ and “Google+”, as trademarked and/or regis-
tered), news aggregators (e.g., “Pulse”, “Google Reader”, as
trademarked and/or registered), media sharing (e.g.,
“Picasa”, “Pinterest”, “Soundcloud”, as trademarked and/or
registered), and cloud storage (e.g., “iCloud”, “Ubuntu
One”, as trademarked and/or registered), involve data trans-
fers that humans are not continuously waiting for. Commu-
nication of such delay-tolerant data can be deferred up to a
point without adversely affecting the mobile users’ Quality
of Experience (QoE). Similarly, in the case of on-demand
media streaming applications such as podcasts and buffered
video playback, data can be opportunistically prefetched so
that it is available for user consumption at the most appro-
priate time.

Given this flexibility of deciding when to transfer certain
kinds of data to and from a mobile device, opportunistic
communication of such delay tolerant content when the
spare capacity in the network is high has the benefits of
greater energy efficiency on mobile devices and improved
user QoE. Firstly, prior research on energy-aware cellular
data scheduling has shown that energy efficiency can be
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4

significantly improved by scheduling data transfers to and
from mobile devices when the wireless channel quality as
well as the communication bandwidth are high. Secondly,
scheduling such non-real-time traffic (background flows)
when the spare capacity is high helps avoid destructive
interference with other real-time traffic (foreground flows or
cross flows) on the same and other mobile devices, thus
improving the user QoE.

An important building block in cellular data scheduling
that can enable such opportunistic communication is on-
demand estimation of Available Bandwidth (AB), i.e., spare
capacity.

Conventional techniques addressing QoE management in
cellular networks are often reactive in nature (i.e., arise
merely in response to problems as they develop) and have
proven to be highly ineffective for purposes such as those
discussed herein. Thus, proactive techniques that use pre-
dictive network analytics to drive QoE management based
upon the anticipated future state of the network are being
developed. Examples of such techniques include: dynamic
service recognition for short periods; asynchronous delivery
of delay tolerant content; congestion based policy control;
and enhanced middleware capable of making intelligent
decisions about bandwidth allocation.

Predicting a future state also entails measuring and
recording a current state of the network. An important
component of the network state is the spare capacity at a
cellular base station (BS) that can be put to use without
adversely impacting the flows existing at the BS. Such spare
capacity is also referred to as the available bandwidth (AB).
Generally, there is broadly contemplated herein, in accor-
dance with at least one embodiment, a technique for deter-
mining AB at cellular BSs when such information is not
exposed by the network elements such as BSs. As such, the
disclosure now briefly turns to a discussion of some existing
techniques and their shortcomings, as well as a discussion of
some general considerations relating to data packet sched-
uling.

Weighted fair queuing (WFQ) is a data packet scheduling
technique permitting an assignment of different scheduling
priorities to statistically multiplexed data flows (reference
herein to “flows” or “data flows” can be considered to be
interchangeable). WFQ is a type of fair queuing (FQ). In
WFQ and FQ, each flow has a separate FIFO (first-in,
first-out) queue. Using FQ, assuming a link rate R and N
active flows, the N flows are serviced at the same time, each
receiving a data rate of R/N. With each flow having its own
FIFO queue, no single flow can affect other flows in session.
In contrast, WFQ permits individual flows to achieve dif-
ferent shares of the total bandwidth. In this case, if N flows
are in session (i.e., active), with each having weights w1,
w2. . . wN, flow f, will achieve an average data rate of
Rxw,/(wl+w2+ . . . +wN). By actively controlling the WFQ
weights, the QoE can be met for bandwidth needs and/or
data flow rate.

In Proportional Fairness (PF) scheduling, the weights of
the flows are each set to w,=1/c, where c, is the cost per data
bit of flow f,. C, may be the number of base stations in
proximity that cannot use the same channel in order to avoid
co-channel interference, the air time required to transmit a
certain number of bits at the current SNR (signal to noise
ratio) for the flow, or the required interference (energy)
level.

3G base stations use some variant of (PF) scheduling,
which is a variant of WFQ. This technique allocates
resources (e.g., air time at a BS) fairly among the existing
flows resulting in “flow isolation”. Flow isolation describes
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the situation whereby one flow with the highest priority rate
is prevented from taking bandwidth from existing flows. In
order to achieve flow isolation, a separate queue is used for
each flow’s packets by the PF scheduler. In contrast, in FIFO
scheduling, wherein all the flows share a single queue and
packet priority is given by packet arrival time, a flow can
misbehave and hog network resources and increase delays
and losses for other flows by transmitting at a high rate. With
flow isolation, each flow receives its fair share and cannot
lose that share to a higher priority or misbhehaving flow.

Active probing techniques for estimating available band-
width involve determining the impact of cross traffic on one
or more probe flows. For instance, pathl.oad (described in
M. Jain and C. Dovrolis, “End-to-End Available Bandwidth:
Measurement Methodology, Dynamics, and Relation with
TCP Throughput”, IEEE/ACM Transactions on Networking,
11(4): 537-549, August 2003) relies on the increasing trend
in one-way delays (OWD) experienced by packets of a
probe stream, when the stream rate is larger than the
available bandwidth. However, since the PF scheduler at the
cellular base station allocates resources fairly among the
existing flows, thus providing flow isolation, the cross traffic
cannot impact the probe flow until the probe flow receives
its fair share of the bandwidth. In other words, if available
bandwidth is less than the fair share due to a new flow, the
probe stream would not experience adverse effects such as
increasing one-way delays or packet losses until the probe
rate is at least its fair share. Thus, it is not possible to
determine whether the bandwidth that a probe flow achieves
is the available bandwidth or its fair share using existing
techniques.

For an illustration of why existing FIFO-based techniques
cannot be applied to cellular networks with PF scheduling at
the base stations, the following example can be considered.
Let C the total bandwidth capacity by 10 Mbps; let the
number of flows n=1; let the rate of the single flow be 8
Mbps. In this case, the available bandwidth AB=2 Mbps.
Here, under PF scheduling, a second flow can receive a
bandwidth of up to 5 Mbps, which is its fair share and not
AB. The problem is that existing FIFO-based techniques
would incorrectly estimate this fair share as the available
bandwidth, and not the actual available bandwidth of 2
Mbps.

An estimation technique developed specifically for wire-
less routers is the conventional “probe gap model” (PGM)
for 802.11-based wireless local-area networks (LANs) with
contention based distributed MAC scheduling (for uplink).
PGM analyzes the OWDs of Poisson-spaced probes to
estimate the fraction of time the channel is idle. PGM can
work well in WLANs owing to a wide difference in latency
experienced by packets during idle and contention periods
(due to the use of exponential backoff). (Exponential backoff
is used in some computer networks to slow down or space
out repeated transmissions of the same block of data packets
to prevent network congestion. Essentially, the flow rate is
decreased until an acceptable rate is found given the current
conditions.) However, PGM overestimates the AB in PF-
scheduled cellular networks consistently as the PF scheduler
ensures that the queuing delay of probe packets do not differ
significantly from that of the foreground flows. Therefore,
the OWD of probe packets do not differ significantly under
different load conditions leading to wrong AB estimates.

In view of the shortcomings presented by conventional
techniques, there are broadly contemplated herein, in accor-
dance with at least one embodiment of the invention, meth-
ods and arrangements for determining spare capacity avail-
able in a wireless downlink of a cellular network without
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impacting the service provided to any flow already in
session. In turn, determination of the available bandwidth
can be accomplished by directing two probe flows into base
station traffic in two stages. A first probe flow may be
directed into the base station traffic in the first stage,
followed by one additional probe flow in the second stage.
The achieved bandwidth of each of the respective probe
flows can then be used to calculate, in realtime, available
bandwidth at the base station.

Turning now to FIGS. 1A-C, a non-limiting example, in
accordance with at least one embodiment of the invention,
is depicted. All three figures may be referred to simultane-
ously. Generally, as shown in FIG. 1A, the entire base station
capacity for bandwidth comprises available bandwidth (100)
plus existing flows greater than or equal to 1 (105). As
shown at 110 in FIG. 1B, b, represents the bandwidth that
could accordingly be achieved for a first probe flow (probe
flow 1), inasmuch as existing flows at the Base Station are
indicated at 115. At 120 in FIG. 1C, then, a second probe
flow (probe flow 2) has been directed into the traffic at rate
A as depicted at 125 and b, is the bandwidth achieved by the
first probe flow. At 130, it may be seen that the existing flows
have not been affected by directing a first and second probe
flow into the traffic at the base station. Particularly, inasmuch
as the bandwidth achieved by the first probe flow plus the
bandwidth achieved by the second probe flow represents the
extant excess bandwidth of the base station, the existing
flows continue to operate and are not impacted by the first
and second probe flows.

Turning now to FIG. 2, a non-limiting example in accor-
dance with at least one embodiment of the invention is seen.
Indicated at 200 is an estimation receiver capable of calcu-
lating, in realtime, bandwidth received by a probe flow
injected into the current base station cross traffic. Estimation
receiver 200 may be deployed in software or hardware, or in
a combination of the two, and on any mobile computing
device that may be connected to a cellular network. Such a
mobile computing device may be any 3G or 4G capable
device, for example, a mobile phone, a smart phone, or a lap
top.

In accordance with at least one embodiment of the inven-
tion, an estimation sender 201 is provided, and it may be
deployed at various locations within the cellular network. In
other words, transmissions (e.g., data packets) sent by
sender 201 may be transmitted from various locations. As
such, sender 201 may be deployed (202) at a base station of
a cellular network 206, at (203) a backhaul and radio
network controller 207, at (204) a core network 208, and/or
at (205) any place in the internet 210 between the cellular
network and one or more internet locations.

In accordance with a method for calculating available
bandwidth according to at least one embodiment of the
invention, a first probe flow is sent through a link of interest
and the bandwidth b, achieved by it is measured. A second
probe flow is then sent through the link of interest whereby
the associated additional flow is transmitted at rate A<<b,/2.
The bandwidth b,[] achieved by the first probe flow in the
presence of the second probe flow is then measured. If
b,=b,0+A-€, wherein € corresponds to a safe “cushion” for
accommodating the second probe flow then the available
bandwidth (AB) is represented by b,. By way of an illus-
trative example, a “safe” value for € is A/3. Otherwise, it can
be appreciated that available bandwidth is not known.
Achievable bandwidth (e.g., bandwidth achieved by probe
flow 1) can be determined using known techniques associ-
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ated with FIFO or by computing the dispersion of a train of
back-to-back packets transmitted at intervals of approxi-
mately 30 seconds.

In accordance with at least one embodiment of the inven-
tion, a probe flow can be sent from any node such that the
link of interest (the wireless link) represents both a bottle-
neck (tight, narrow) link in the path from the source to the
destination. In addition, the two probe flows should be
directed to devices with more or less similar channel con-
ditions.

In accordance with at least one embodiment of the inven-
tion, available bandwidth can be estimated in a context of
differences in channel quality. An approach according to at
least one embodiment of the invention can be applicable as
long as the two probe flows see similar channel conditions.
As such, in view of cross traffic or other influences, existing
flows may experience different channel conditions at differ-
ent times.

In accordance with at least one embodiment of the inven-
tion, it can be recognized that when the number of priority
classes is one, since the total bandwidth is dependent on the
channel qualities of the sessions in progress, the weights (of
the priorities) can be used by the scheduler to allocate the
total spectrum resources (that is, air time) across sessions, as
opposed to the base station bandwidth. In that case, the
bandwidth that a given session receives would be dependent
on its channel quality. However, when there are multiple
priority classes such as UGS, rtPS, BE, and others, embodi-
ments of the invention can be applied if the flows in the
lowest priority class are scheduled in a PF manner. If the
lowest priority flows are scheduled in a FIFO manner, any
of the techniques proposed for FIFO networks may be used.
It can thereby be appreciated that having the destination
devices (for the probe flows) in a controlled environment
ensures similar channel conditions. It will also be under-
stood that since available bandwidth would be determined
with respect to the received signal strength indication (RSSI)
of the destination device, bandwidth should be scaled appro-
priately for destinations with different RSSIs.

Referring now to FIGS. 3A-B, in accordance with at least
one embodiment of the invention, methods for calculating
bandwidth may be applied when: C is the base station
capacity in Mbps; n is the number of existing flows; W is the
cumulative weight of the n existing flows relative to that of
the first probe flow f; (in the presence of the second probe
flow); available bandwidth can be determined if n=0 or
W<1.0 or the weight of each flow is less than 1.0 or
AB=z(C+WA)/(W+1), or equivalently, for any k flows with
the highest rate, ABz(C-sum of rates of remaining flows+
W, A (W, +1), where W, =cumulative weight of the k flows
relative to that of fl.

In one non-limiting example the following problem may
be solved. Let 2 flows be in session at a base station, each
receiving a throughput of 1 Mbps. Let the available band-
width at the base station for a flow to device D at its channel
quality (CQ) be 1 Mbps. Let the CQI (channel quality
indicator) for this device be roughly half of that of the other
flows (such that the base station is 50% utilized). In this
case, the achievable bandwidth for D is 1 Mbps. Now, start
a fourth flow at the rate of A=0.3 Mbps. In the presence of
the fourth flow, throughput received by device D would be
(4-2%0.3-2x1)/2=0.7 Mbps and (0.7)+0.3=1.0, hence avail-
able bandwidth can be estimated correctly.

In another non-limiting example, let the 2 flows in session
be at the rate of 1.5 Mbps. The available bandwidth for
device D (at the same CQI as the first example) is 0.5 Mbps.
The achievable throughput for D=(1.5x2+2x0.5)/(3x2)=4/
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6=0.667 Mbps. Now, start the fourth flow at the rate of
A=0.3 Mbps. In the presence of the fourth flow, throughput
received by device D would be (4-2x0.3)/(3x2)=3.4/(3x
2)=0.57 Mbps and (0.3)+0.57>0.667, hence available band-
width cannot be correctly estimated.

Accordingly, some embodiments address a situation
where the channel experienced by the cross traffic flows
and/or their load changes from the first step of the estimation
process to the second step of the process. In such a case, the
net effect of all the changes experienced by the cross flows,
including arrival of new flows and departure of existing
flows, would be an increase or decrease in the total cross
traffic. Some embodiments provide that under such fluctu-
ating conditions, available bandwidth may be estimated by
determining the bounds on the net change as provided in the
following non-limiting example.

STEP 1: Determine b1 and b1' as in the original approach

(using one and two probe flows, respectively).

STEP 2: If (b1==b1") then AB is not known. GOTO STEP
5.

STEP 3: If (A-(b1-b1"))/(b1-b1")=1, then AB is not
known. GOTO STEP 5.

STEP 4: If 0=(A-(b1-b1"))/(b1-b1")<1, then AB=bl.
GOTO STEP 5.

STEP 5: Compute 2x(b1'-b1)+A and (b1'-b1)+A

2x(b1'-b1)+A denotes the minimum aggregate increase/
decrease that should have happened to the cross traffic
(depending on the sign of the computed value) for the
number of cross traffic flows that were backlogged in
the first step to be at least 1.

b1'-b1+A denotes the change that should have happened
to the cross traffic if bl were indeed the available
bandwidth.

STEP 6: Let N1=12x(b1'-b1)+Al and NO=I(b1'-b1)+Al

STEP 7: If (NO<N1-3) or ((kxNO<N1) AND (N1-
N0>€)), then bl is the AB.

STEP 8: Else if (N1<N0-9) or ((kxN1<N0) AND (NO-
N1>€)), then AB is not known (there is at least one
backlogged flow)

STEP 9: Else if (NO<N1), then b1 is very likely the AB

STEP 10: Else if (N1<N0), then AB is very likely not
known (there is very likely at least one backlogged
flow)

d, €, and k are configurable

STEP 11: Repeat the above steps (STEPS 1-10) two more
times.

Determine an estimate of AB using every two consecutive
measurements. With 3 rounds of measurements, the
total number of measurements is 6, and the number of
possible measurement pairs, and hence, the number of
estimates, is 5.

With respect to the last non-limiting example, some
embodiments provide that the method may be ended when
two consecutive firm estimates that are the same are
obtained. Some embodiments provide that if two consecu-
tive estimates are not firm and the same, then the dominating
condition may be taken as the final conclusion.

Some embodiments provide that to discount changes in
channel quality over small time scales, achievable through-
put should be measured over a reasonable length of time, for
example 3 to 5 seconds. Some embodiments provide that a
single run of estimation may be accomplished over approxi-
mately 30 seconds where probe flows are injected into the
current base station traffic at the rate of one every 3-5
seconds.
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In one embodiment, the following variant procedure may
be used for estimating AB when the two probe flows
experience different channel quality.

STEP 1: Using probe traffic, determine the achievable
bandwidth b1 for a single new flow, {1, sent through the
link of interest.

STEP 2: Start a second probe flow, f2, allow it to achieve
its fair share of the base station capacity, and in its
presence, determine the achievable bandwidth b,[] for
f1.

STEP 3: Using equations C/(W+1)=b, and C/(W+2)=b,,
[ determine W. That is, W=(2xb1'-b1)/(b1'-b1).
STEP 4: If W<1, b, is the AB. Else, AB is not known.

FIGS. 3A and 3B depict the regions, referred to as region
of identification, in which AB can be successfully deter-
mined by methods such as those broadly presented herein-
above in accordance with at least one embodiment of the
invention. FIG. 3A shows the lower bound on AB that can
be successfully determined as a function of W. AB cannot be
determined if it falls below the curve in the figure. FIG. 3B
shows the lower bound on the base station load. If the base
station load falls above the curve, then AB cannot be
determined.

Embodiments provide that the identification region
(which is represented by the space above and below the
graphed lines in FIG. 3A and FIG. 3B, respectively) of the
4-step illustrative method described hereabove is slightly
lower than that of the original approach, but it can increase
the accuracy of an estimate.

In view of the foregoing, it can be appreciated that, in
contrast to the embodiments described in this disclosure,
conventional methods of calculating bandwidth in a cellular
network rely upon historical data as opposed to real-time
data on data flows. Such passive monitoring techniques
require feedback from the cellular base station. Thus, a data
traffic monitor must be deployed at the base station and
historical measurements of data traffic and bandwidth usage
are recorded for predicting future usage requirements. Such
information may not be made available by the base station.
Embodiments herein thus involve an active monitoring
method that may be deployed without the support and
overhead of the base station operator.

FIG. 4 sets forth a process more generally for estimating
bandwidth, in accordance with at least one embodiment of
the invention. It should be appreciated that a process such as
that broadly illustrated in FIG. 4 can be carried out on
essentially any suitable computer system or set of computer
systems, which may, by way of an illustrative and non-
restrictive example, include a system such as that indicated
at 12'in FIG. 5. In accordance with an example embodiment,
most if not all of the process steps discussed with respect to
FIG. 4 can be performed by way of a processing unit or
units.

As shown in FIG. 4, in accordance with at least one
embodiment of the invention, a first probe flow is sent into
cellular traffic (402), and a first bandwidth quantity achieved
by the first probe flow is measured (404). A second probe
flow is sent into the cellular traffic (406), and a second
bandwidth quantity achieved by the first probe flow while
the second probe flow is in the cellular traffic is measured
(408). The first bandwidth quantity and the second band-
width quantity are compared (410), and at least one result
from the comparing is determined (412).

Referring now to FIG. 5, a schematic of an example of a
cloud computing node is shown. Cloud computing node 10'
is only one example of a suitable cloud computing node and
is not intended to suggest any limitation as to the scope of
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use or functionality of embodiments of the invention pro-
vided herein. Regardless, cloud computing node 10' is
capable of being implemented and/or performing any of the
functionality set forth hereinabove. In accordance with
embodiments of the invention, computing node 10' may not
necessarily even be part of a cloud network but instead could
be part of another type of distributed or other network, or
could represent a stand-alone node. For the purposes of
discussion and illustration, however, node 10' is variously
referred to herein as a “cloud computing node”.

In cloud computing node 10' there is a computer system/
server 12', which is operational with numerous other general
purpose or special purpose computing system environments
or configurations. Examples of well-known computing sys-
tems, environments, and/or configurations that may be suit-
able for use with computer system/server 12' include, but are
not limited to, personal computer systems, server computer
systems, thin clients, thick clients, hand-held or laptop
devices, multiprocessor systems, microprocessor-based sys-
tems, set top boxes, programmable consumer electronics,
network PCs, minicomputer systems, mainframe computer
systems, and distributed cloud computing environments that
include any of the above systems or devices, and the like.

Computer system/server 12' may be provided in the
general context of computer system-executable instructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server 12' may be
practiced in distributed cloud computing environments
where tasks are performed by remote processing devices that
are linked through a communications network. In a distrib-
uted cloud computing environment, program modules may
be located in both local and remote computer system storage
media including memory storage devices.

As shown in FIG. 5, computer system/server 12' in cloud
computing node 10 is shown in the form of a general-
purpose computing device. The components of computer
system/server 12' may include, but are not limited to, at least
one processor or processing unit 16', a system memory 28",
and a bus 18' that couples various system components
including system memory 28' to processor 16'.

Bus 18' represents at least one of any of several types of
bus structures, including a memory bus or memory control-
ler, a peripheral bus, an accelerated graphics port, and a
processor or local bus using any of a variety of bus archi-
tectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (MCA) bus, Enhanced ISA
(EISA) bus, Video Electronics Standards Association
(VESA) local bus, and Peripheral Component Interconnects
(PCI) bus.

Computer system/server 12' typically includes a variety of
computer system readable media. Such media may be any
available media that are accessible by computer system/
server 12', and include both volatile and non-volatile media,
removable and non-removable media.

System memory 28' can include computer system read-
able media in the form of volatile memory, such as random
access memory (RAM) 30" and/or cache memory 32'. Com-
puter system/server 12' may further include other remov-
able/non-removable, volatile/non-volatile computer system
storage media. By way of example only, storage system 34'
can be provided for reading from and writing to a non-
removable, non-volatile magnetic media (not shown and
typically called a “hard drive”). Although not shown, a
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magnetic disk drive for reading from and writing to a
removable, non-volatile magnetic disk (e.g., a “floppy
disk™), and an optical disk drive for reading from or writing
to a removable, non-volatile optical disk such as a CD-
ROM, DVD-ROM or other optical media can be provided.
In such instances, each can be connected to bus 18' by at
least one data media interface. As will be further depicted
and described below, memory 28' may include at least one
program product having a set (e.g., at least one) of program
modules that are configured to carry out the functions of
embodiments of the invention.

Program/utility 40", having a set (at least one) of program
modules 42', may be stored in memory 28' (by way of
example, and not limitation), as well as an operating system,
at least one application program, other program modules,
and program data. Each of the operating systems, at least one
application program, other program modules, and program
data or some combination thereof, may include an imple-
mentation of a networking environment. Program modules
42' generally carry out the functions and/or methodologies
of embodiments of the invention as described herein.

Computer system/server 12' may also communicate with
at least one external device 14' such as a keyboard, a
pointing device, a display 24, etc.; at least one device that
enables a user to interact with computer system/server 12';
and/or any devices (e.g., network card, modem, etc.) that
enable computer system/server 12' to communicate with at
least one other computing device. Such communication can
occur via I/O interfaces 22'. Still yet, computer system/
server 12' can communicate with at least one network such
as a local area network (LAN), a general wide area network
(WAN), and/or a public network (e.g., the Internet) via
network adapter 20'. As depicted, network adapter 20' com-
municates with the other components of computer system/
server 12' via bus 18'". It should be understood that although
not shown, other hardware and/or software components
could be used in conjunction with computer system/server
12'. Examples include, but are not limited to: microcode,
device drivers, redundant processing units, external disk
drive arrays, RAID systems, tape drives, and data archival
storage systems, etc.

It should be noted that aspects of the invention may be
embodied as a system, method or computer program prod-
uct. Accordingly, aspects of the invention may take the form
of an entirely hardware embodiment, an entirely software
embodiment (including firmware, resident software, micro-
code, etc.) or an embodiment combining software and
hardware aspects that may all generally be referred to herein
as a “circuit,” “module” or “system.” Furthermore, aspects
of the invention may take the form of a computer program
product embodied in at least one computer readable medium
having computer readable program code embodied thereon.

Any combination of one or more computer readable
media may be utilized. The computer readable medium may
be a computer readable signal medium or a computer
readable storage medium. A computer readable storage
medium may be, for example, but not limited to, an elec-
tronic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having at least one wire, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
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optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
document, a computer readable storage medium may be any
tangible medium that can contain, or store, a program for use
by, or in connection with, an instruction execution system,
apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wire line, optical fiber cable,
RF, etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the invention may be written in any combination
of at least one programming language, including an object
oriented programming language such as Java®, Smalltalk,
C++ or the like and conventional procedural programming
languages, such as the “C” programming language or similar
programming languages. The program code may execute
entirely on the user’s computer (device), partly on the user’s
computer, as a stand-alone software package, partly on the
user’s computer and partly on a remote computer, or entirely
on the remote computer or server. In the latter scenario, the
remote computer may be connected to the user’s computer
through any type of network, including a local area network
(LAN) or a wide area network (WAN), or the connection
may be made to an external computer (for example, through
the Internet using an Internet Service Provider).

Aspects of the invention are provided herein with refer-
ence to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts. It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer program instructions.
These computer program instructions may be provided to a
processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus
to produce a machine, such that the instructions, which
execute via the processor of the computer or other program-
mable data processing apparatus, create means for imple-
menting the functions/acts specified in the flowchart and/or
block diagram block or blocks.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture. Such an article of manufac-
ture can include instructions which implement the function/
act specified in the flowchart and/or block diagram block or
blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps
to be performed on the computer, other programmable
apparatus or other devices to produce a computer imple-
mented process such that the instructions which execute on
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the computer or other programmable apparatus provide
processes for implementing the functions/acts specified in
the flowchart and/or block diagram block or blocks.

This disclosure has been presented for purposes of illus-
tration and description but is not intended to be exhaustive
or limiting. Many modifications and variations will be
apparent to those of ordinary skill in the art. The embodi-
ments were chosen and provided in order to explain prin-
ciples and practical application, and to enable others of
ordinary skill in the art to understand the disclosure.

Although illustrative embodiments of the invention have
been provided herein with reference to the accompanying
drawings, it is to be understood that the embodiments of the
invention are not limited to those precise embodiments, and
that various other changes and modifications may be
affected therein by one skilled in the art without departing
from the scope or spirit of the disclosure.

The invention claimed is:

1. A method of estimating available bandwidth at a base
station communicating a plurality of flows of cellular traffic
through a communication channel, said method comprising:

the base station utilizing a processor to execute computer

code configured to perform the steps of:

sending a first probe flow into the communication chan-

nel, wherein the communication channel having a
capacity equal to a total bandwidth and the first probe
flow comprises a first set of packets;

measuring a first bandwidth quantity, equal to a first

portion of the total bandwidth, achieved by the first
probe flow;

sending a second probe flow into the communication

channel while the first probe flow is in the communi-
cation channel, wherein the second probe flow having
a bandwidth equal to a second portion of the total
bandwidth and comprises a second set of packets
separate from the first set of packets;

measuring a second bandwidth quantity, the second band-

width quantity equal to a value of the first portion of the
total bandwidth achieved by the first probe flow while
the first probe flow is in the communication channel
during presence of the second probe flow in the com-
munication channel;

comparing the first bandwidth quantity and the second

bandwidth quantity, wherein said comparing com-
prises: determining whether the sum of the second
bandwidth quantity and a fraction of the second portion
of the total bandwidth is greater than the first band-
width quantity or less than or equal to the first band-
width quantity;

making a determination, based on said comparing, that the

estimated available bandwidth is equal to the first
bandwidth quantity and there is one or more back-
logged flows at the base station;

determining a likelihood of the determination to be true

by comparing a first parameter with a second param-

eter,

wherein the first parameter being an absolute value of
a minimum aggregate change in the plurality of
flows of cellular traffic based on the one or more
backlogged flows being entered in the communica-
tion channel, the minimum aggregate change deter-
mined by calculating a difference value by subtract-
ing the first bandwidth quantity from the second
bandwidth quantity and adding the second portion of
the total bandwidth to twice the difference value, and

wherein the second parameter being an absolute value
of an expected change in load of the plurality of
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flows of cellular traffic based on the first bandwidth
quantity being the estimated available bandwidth,
the expected change calculated based on adding the
second portion of the total bandwidth to the differ-
ence value;

and

performing communication through the communication

channel at the base station based on the determination

and the determined likelihood.

2. The method of claim 1, wherein said sending of the
second probe flow comprises sending the second probe flow
at a rate of A<b,/2, where b, represents the first bandwidth
quantity and A represents a bandwidth attributable to the
second probe flow.

3. The method of claim 1, wherein said measuring com-
prises measuring an achievable bandwidth using a first-in-
first-out-based bandwidth estimation technique.

4. The method of claim 1, wherein said measuring com-
prises measuring the achievable bandwidth by computing a
dispersion of a train of back-to-back packets transmitted at
predetermined intervals.

5. The method of claim 1, wherein:

the cellular traffic includes solely one priority class of

flow; and

said method comprises allocating available bandwidth

resources based upon channel conditions for each flow
in a proportional fair manner.

6. The method of claim 1, wherein:

the cellular traffic includes multiple priority classes of

flow; and

said method comprises allocating available bandwidth via

assigning resources to flows in the least-priority class
via proportional fairness scheduling.

7. An apparatus for estimating available bandwidth at a
base station communicating a plurality of flows of cellular
traffic through a communication channel, said apparatus
comprising:

at least one processor; and

a computer readable storage medium having computer

readable program code embodied therewith and execut-
able by the at least one processor, the computer read-
able program code comprising:

computer readable program code configured to send a first

probe flow into the communication channel, wherein
the communication channel having a capacity equal to
a total bandwidth and the first probe flow comprises a
first set of packets;

computer readable program code configured to measure a

first bandwidth quantity, equal to a first portion of the
total bandwidth, achieved by the first probe flow;

computer readable program code configured to send a

second probe flow into the communication channel
while the first probe flow is in the communication
channel, wherein the second probe flow having a band-
width equal to a second portion of the total bandwidth
and comprises a second set of packets separate from the
first set of packets;

computer readable program code configured to measure a

second bandwidth quantity, the second bandwidth
quantity equal to a value of the first portion of the total
bandwidth achieved by the first probe flow while the
first probe flow is in the communication channel during
presence of the second probe flow in the communica-
tion channel;

computer readable program code configured to compare

the first bandwidth quantity and the second bandwidth
quantity, wherein said comparing comprises: determin-
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ing whether the sum of the second bandwidth quantity
and a fraction of the second portion of the total band-
width is greater than the first bandwidth quantity or less
than or equal to the first bandwidth quantity;
computer readable program code configured to make a
determination, based on said comparing, that the esti-
mated available bandwidth is equal to the first band-
width quantity and there is one or more backlogged
flows at the base station;
computer readable program code configured to determine
a likelihood of the determination to be true by com-
paring a first parameter with a second parameter,
wherein the first parameter being an absolute value of
a minimum aggregate change in the plurality of
flows of cellular traffic based on the one or more
backlogged flows being entered in the communica-
tion channel, the minimum aggregate change deter-
mined by calculating a difference value by subtract-
ing the first bandwidth quantity from the second
bandwidth quantity and adding the second portion of
the total bandwidth to twice the difference value, and

wherein the second parameter being an absolute value
of an expected change in load of the plurality of
flows of cellular traffic based on the first bandwidth
quantity being the estimated available bandwidth,
the expected change calculated based on adding the
second portion of the total bandwidth to the differ-
ence value;

and

computer readable program code configured to perform
communication through the communication channel at
the base station based on the determination and the
determined likelihood.

8. A computer program product for estimating available
bandwidth at a base station communicating a plurality of
flows of cellular traffic through a communication channel,
said computer program product comprising:

a non-transitory computer readable storage medium hav-
ing computer readable program code embodied there-
with and executable by the at least one processor, the
computer readable program code comprising:

computer readable program code configured to send a first
probe flow into the communication channel, wherein
the communication channel having a capacity equal to
a total bandwidth and the first probe flow comprises a
first set of packets;

computer readable program code configured to measure a
first bandwidth quantity, equal to a first portion of the
total bandwidth, achieved by the first probe flow;

computer readable program code configured to send a
second probe flow into the communication channel
while the first probe flow is in the communication
channel, wherein the second probe flow having a band-
width equal to a second portion of the total bandwidth
and comprises a second set of packets separate from the
first set of packets;

computer readable program code configured to measure a
second bandwidth quantity, the second bandwidth
quantity equal to a value of the first portion of the total
bandwidth achieved by the first probe flow while the
first probe flow is in the communication channel during
presence of the second probe flow in the communica-
tion channel;
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computer readable program code configured to compare
the first bandwidth quantity and the second bandwidth
quantity, wherein said comparing comprises: determin-
ing whether the sum of the second bandwidth quantity
and a fraction of the second portion of the total band-
width is greater than the first bandwidth quantity or less
than or equal to the first bandwidth quantity;

computer readable program code configured to make a

determination, based on said comparing, that the esti-
mated available bandwidth is equal to the first band-
width quantity and there is one or more backlogged
flows at the base station;

computer readable program code configured to determine

a likelihood of the determination to be true by com-

paring a first parameter with a second parameter,

wherein the first parameter being an absolute value of
a minimum aggregate change in the plurality of
flows of cellular traffic based on the one or more
backlogged flows being entered in the communica-
tion channel, the minimum aggregate change deter-
mined by calculating a difference value by subtract-
ing the first bandwidth quantity from the second
bandwidth quantity and adding the second portion of
the total bandwidth to twice the difference value, and

wherein the second parameter being an absolute value
of an expected change in load of the plurality of
flows of cellular traffic based on the first bandwidth
quantity being the estimated available bandwidth,
the expected change calculated based on adding the
second portion of the total bandwidth to the differ-
ence value;

and

computer readable program code configured to perform

communication through the communication channel at

the base station based on the determination and the

determined likelihood.

9. The computer program product of claim 8, wherein said
computer readable program is configured to send the second
probe flow at a rate of A<b,/2, wherein b, represents the first
bandwidth quantity and A represents a bandwidth attribut-
able to the second probe flow.

10. The computer program product of claim 8, wherein
said computer readable program code measures an achiev-
able bandwidth using a first-in-first-out-based bandwidth
estimation technique.

11. The computer program product of claim 8, wherein
said computer readable program code measures the achiev-
able bandwidth by computing the dispersion of a train of
back-to-back packets transmitted at predetermined intervals.

12. The computer program product of claim 8, wherein:

the cellular traffic includes solely one priority class of

flow; and

said computer readable program code configured to allo-

cate available bandwidth resources based upon channel
conditions for each flow via proportional fairness
scheduling.

13. The computer program product of claim 8, wherein:

the cellular traffic includes multiple priority classes of

flow; and

said computer readable program to allocate available

bandwidth via assigning resources to flows in the
least-priority class in a proportional fair manner.

#* #* #* #* #*



